abstract: Multiple biotic, abiotic, and evolutionary constraints interact to determine a species' range. However, most species are not present in all suitable and accessible locations. Dispersal ability may explain why many species do not occupy all suitable habitat, but highly mobile species also exhibit a mismatch. Habitat selection behavior where individuals are site faithful and settle near conspecifics could create a social pressure that make a species' geographic range resistant to change. We investigated this possibility by using an individual-based model of habitat selection where habitat quality moved each year. Our model demonstrated the benefits of conspecific attraction in relatively stable environments and its detrimental influence when habitat quality shifted rapidly. These results were most apparent when adult survival was high, because site fidelity led to more individuals occupying poor-quality habitat areas as habitat quality changed. These individuals attracted other dispersing individuals, thereby decreasing the ability to track shifts in habitat quality, which we refer to as "social inertia." Consequently, social inertia may arise for species that exhibit site fidelity and conspecific attraction, which may have conservation implications in light of climate change and widespread alteration of natural habitats.
Introduction
A species' geographic range is the product of habitat suitability and dispersal capacity. Multiple abiotic (e.g., Andrewartha and Birch 1954; Root 1988; Tingley et al. 2009 ), biotic (e.g., Hutchinson 1957; Bullock et al. 2000; deRivera et al. 2005) , and evolutionary (e.g., Hoffmann and Blows 1994; Kirkpatrick and Barton 1997; Holt 2003) constraints interact to influence a species' establishment niche (Holt 2009 ). Dispersal capabilities then refine the geographic range by allowing species to persist outside the establishment niche, composing what Holt (2009) referred to as the "persistence niche," but also by precluding species from colonizing areas within the establishment niche, as demonstrated both theoretically (Turner et al. 1989; Dias 1996; Hanski 1996) and empirically (Ehrlich and Murphy 1987; Cain et al. 1998; Clark et al. 1998 ). Consequently, a mismatch can arise between the current geographic range of species and the geographic range it could potentially occupy, a pattern Sexton et al. (2009) termed "range boundary disequilibrium."
The extent to which a species occupies suitable habitat is largely determined by its dispersal capabilities and perception of suitable habitat. Range boundary disequilibrium likely exists for species with limited dispersal capacities, such as many sessile organisms (e.g., Araujo and Pearson 2005; Tinner and Lotter 2006) . Species with poor movement capabilities lack the ability to colonize newly created or distant areas of appropriate habitat. Highly vagile species, on the other hand, are not dispersal limited, and the inherent assumption is that range boundary disequilibrium should be small or nonexistent for these species. However, certain habitat selection behaviors may preclude even highly mobile species from colonizing suitable areas, thereby creating perceptual traps (Gilroy and Sutherland 2007; Patten and Kelly 2010) .
Perceptual traps arise when species incorrectly perceive the quality of habitat (Patten and Kelly 2010) , and the presence of conspecifics in an area can greatly influence that perception (Betts et al. 2008) . Various taxa, such as lizards, mollusks, birds, amphibians, and fish, use the presence of conspecifics when selecting habitat (Stamps 1988; Swanson 2004; Ward and Schlossberg 2004; Kullmann et al. 2008; Buxton et al. 2015) , and multiple studies have highlighted how seemingly appropriate yet unoccupied habitat is settled once conspecific cues are presented (Alatalo et al. 1982; Hahn and Silverman 2006; Ahlering et al. 2010) . Consequently, species that use the presence of conspecifics in their habitat selection process may be less likely to colonize newly available suitable habitat, which may work to maintain a species' geographic range.
The geographic range of a species is a collection of occupied and unoccupied sites where the probability of occupancy often diminishes as one moves away from the center (Gilman 2006; Yakimowski and Eckert 2007) . The edge of the range is then a loose boundary of occupied sites that exclude distant, isolated, or temporarily occupied sites outside this boundary (e.g., fig. 1A ; Burgman and Fox 2003) . The probability that a site is occupied year to year is influenced by numerous factors but is ultimately determined by the number of individuals present, the probability that those individuals remain, and the probability that new individuals arrive. The probability of an unoccupied site becoming occupied is determined by habitat selection of dispersing individuals. If habitat selection is not (or very weakly) influenced by conspecific attraction, dispersing individuals will be equally likely to select occupied and unoccupied sites ( fig. 1B) . However, if habitat selection in a species is strongly influenced by conspecific attraction, dispersing individuals will be much more likely to settle at occupied sites ( fig. 1C) , thereby reinforcing the current geographic range.
The presence of conspecifics can provide reliable habitat information; however, we believe that this may not always be the case, especially when habitat quality shifts. In many species, individuals will select habitat on the basis of prior reproductive performance (Gavin and Bollinger 1988; Hoover 2003; Porneluzi 2003) , which often leads to high site fidelity in good habitat (Holmes et al. 1992; Rodenhouse et al. 1997 ).
Consequently, the presence of conspecifics can be a good indicator of habitat quality (Stamps 1988; Ahlering et al. 2010) . However, when coupled with site fidelity, conspecific attraction may actually preclude a species from occupying new and potentially higher-quality areas that become available. This process would preclude a species from reaching its maximum population potential (Gilroy and Sutherland 2007) , especially when habitat quality shifts.
We explored whether conspecific attraction and site fidelity could interact to create perceptual traps that limit a species' population and geographic range, using a simulation model. We built an individual-based model where habitat selection decisions determined a species' presence in a heterogeneous environment. We varied the rate at which habitat quality shifted and tracked its influence on population abundance, persistence, and the probability that suitable areas were occupied.
Methods

Landscape Model
We created a hypothetical landscape, using a grid-based design that was 100 cells (e.g., longitude) by 100 cells (e.g., lat- and unoccupied (open circles) suitable sites. The dashed line encompasses the majority of occupied sites (species' range). B, Probability of movement for an individual in the absence of conspecific attraction. With no conspecific attraction, an individual is equally likely to settle any site. C, Probability of movement for an individual under strong conspecific attraction. Site fidelity was set at 0.40, and individuals were 10 times as likely to settle an occupied site as to settle an unoccupied site. itude). The landscape consisted of suitable and unsuitable cells, with all suitable cells being of equal quality and all unsuitable cells being unsuitable. The probability that a cell was suitable within the landscape was the product of habitat quality on each axis (similar to Pulliam 2000) and was optimal in the center of the landscape ( fig. 2 ; Sagarin and Gaines 2002a, 2002b; Kluth and Bruelheide 2005; Poulin and Dick 2007) . Specifically, habitat quality along each axis was equal to the square of its location relative to the center of optimal quality (axis quality p (cell location along axis 2 50)
2 ). We then added habitat quality from both axes to attain a specific value for each cell. To make the landscape composed of 5% suitable cells, we multiplied the value for habitat quality in each cell by 21 and added 80, thereby making any cell with a value less than or equal to 0 unsuitable (cell quality p 2(XÀaxis quality 1 YÀaxis quality) 1 80). For all potentially suitable cells (cell quality 1 0), we determined whether it was suitable through a random draw from the binomial distribution where the probability of suitability was equal to a cell's quality divided by the maximum suitability on the landscape (e.g., P(cell suitable) p binomial(cell quality=160); fig. 2 ). Consequently, the probability that a cell was suitable would change every year, with the center of high-quality habitat more often remaining suitable ( fig. 2 ).
Species Model
We modeled our species after migratory birds; however, the general patterns should be applicable to any species that chooses its breeding location each year. In our model, habitat selection was based on prior breeding experience, habitat suitability, presence of conspecifics, and density of conspecifics. Individuals with prior breeding experience, here called adults, would return and fill the landscape, followed by individuals who were produced in the preceding year, here called first-year breeding individuals. The number of returning adult individuals was determined by the number of adult individuals from the previous year, multiplied by adult survival probability (table 1). The number of first-year breeding individuals was determined by the number of individuals produced in the previous year multiplied by the survival probability of first-year individuals (table 1) .
Each year, individuals would choose a breeding cell that they would stay in for the rest of the year. If adult individuals had bred successfully the previous breeding season, they returned to the same cell, indicating high site fidelity based on reproductive success (Hoover 2003) . Adult individuals that had been unsuccessful the previous breeding season would either return to the cell they had been in last year or search for a new cell (equal probability [0.5] for these individuals to return or move). Adult individuals searching for a new cell explored the cells surrounding the previous year's breeding cell. Specifically, adult individuals would select a uniform random direction to move in and then move a random distance, where the number of cells moved followed a Poisson distribution (table 1). In contrast to adults, first-year individuals would center their search for a breeding cell on the cell they were produced in, select a uniform random direction to move in, and move a random number : Simulated landscape and potential habitat suitability. Potential habitat suitability on each axis, which could represent two different environmental variables, was greatest at the center and decreased toward the edge. Landscapes cells were unsuitable below the suitability cutoff threshold. Consequently, our simulated landscape created a circular area of potentially suitable habitat that decreases toward the margins. Each year, the center of the highest-quality habitat would shift, which then shifts the center of suitable habitat.
of cells that followed a Poisson distribution (table 1) . Consequently, first-year individuals moved slightly greater distances than returning adults, moving 0 cells in 36% of simulations (vs. 50% for adults), 1 cell in 37% (vs. 37%), 2 cells in 18% (vs. 11%), and 3 or more cells in 8% (vs. 2%).
Individuals would choose whether or not to stay in a new cell on the basis of habitat suitability, conspecific attraction, and number of individuals already in that cell. A returning adult individual would stay in a suitable cell with a baseline probability 1.0 and in an unsuitable cell with a baseline probability of 0.5. First-year breeding individuals were equally likely to settle in or leave suitable habitat (baseline probability of 0.5). In simulations that included conspecific attraction, all individuals (adults and first-year) choosing new sites would stay if conspecifics were present, with a baseline probability of 1.0. Settlement probabilities for both adult and first-year individuals would begin to diminish when the number of individuals in a cell exceeded a carrying capacity, which we set at 5 individuals and which acts to induce density dependence. Specifically, if the number of individuals in a cell was more than 5, the baseline probability was divided by the number of individuals raised to 0.1, which represented the strength of density dependence (e.g., for cells with 15 individuals: P(stay) p P(baseline)= individuals 0:1 ). Finally, if individuals did not stay in a cell, this process would be repeated.
Individuals would begin producing young once the landscape was populated. Breeding success in a cell was similar among suitable sites but 0 in unsuitable sites (table 1) . Furthermore, breeding success was density dependent, where the probability of success would diminish when the number of individuals in a cell exceeded the carrying capacity (5 individuals). Similar to breeding-cell selection, if the number of individuals in a cell exceeded the carrying capacity (5), the baseline probability of success was divided by the number of individuals raised to 0.1, which represented the strength of density dependence (for cells with 15 individuals: P(success) p P(baseline)=individuals 0:1 ). Successful individuals would produce either 3 or 4 individuals, with equal probability.
Habitat-Shifting Model
We used the landscape model described above to simulate a landscape that was moving in one direction by systematically changing optimal habitat quality along one axis of the landscape and keeping the habitat quality of the other axis constant. We varied the "speed" of the shift by changing the center of optimal quality by 0.1 each year (e.g., optimal quality in year 1 p 50, that in year 2 p 50:1, etc.). We included a 50-year period at the start of each simulation in which habitat did not move, which allowed the populations to reach equilibrium. We followed the stationary period with a 100-year period where habitat shifted. Finally, we ran two different scenarios, with different input values for adult and juvenile survival and probability of breeding success (table 1). All simulations were performed 100 times, and we recorded the proportion of suitable cells occupied and the population size at the end of the 100-year simulation run.
Results
The influence of conspecific attraction has clear implications for population size, stability, and occupancy of highquality habitat, especially when habitat quality shifts. Conspecific attraction is beneficial to a population when habitat quality is stationary or shifting slowly, as it facilitates larger population sizes ( fig. 3) . However, conspecific attraction becomes detrimental when habitat quality shifts rapidly. Conspecific attraction greatly reduces a population's size when habitat shifts rapidly ( fig. 3 ). In addition, conspecific attraction hinders a population's ability to track shifts in highquality habitat (fig. 4) . Finally, conspecific attraction was most detrimental when population persistence was dependent on high adult survival, while it was less influential when population persistence was dependent on high juvenile production. Simulations with high levels of juvenile survivorship or production tended to persist longer and occupy more suitable habitat when habitat shifted rapidly, even when conspecific attraction determined settlement choices (figs. 3, 4).
Discussion
Conspecific attraction was beneficial to population growth, given the assumptions of our model, even in an unstable heterogeneous environment. Population abundances were 10%-20% greater for simulations that incorporated the presence of conspecifics in the habitat selection process than for simulations where conspecific attraction was not included. However, conspecific attraction hindered the ability of individuals to track changes in habitat quality when the environment changed rapidly, demonstrating what we refer to as "social inertia." While the results we present are predicated on the input variables we chose, site fidelity (e.g., Haas 1998; Hoover 2003; Schaub and von Hirschheydt 2009) and use of habitat and social cues (e.g., Betts et al. 2008; Ward et al. 2010; Andrews et al. 2015) vary considerably among species. Consequently, we chose impartial input variables (coin flips and perfect knowledge) for site fidelity, evaluation of habitat quality, and strength of conspecific attraction, to introduce the concept of social inertia and illustrate how it can hinder a species from occupying suitable habitat. Most theoretical and empirical research on the limits of the geographic range and occupancy of suitable habitat have focused on environmental and habitat features (Gaston 2009b; Sexton et al. 2009) , with current research focused on the role of dispersal (Gaston 2009a ) and the importance of biotic interactions (Guisan and Thuiller 2005; Brooker et al. 2007) . While it has become increasingly clear that interspecific interactions, such as mutualism and competition (Gilman et al. 2010) , can influence a species' ability to track environmental change, our model demonstrates the importance of conspecific attraction. Conspecific attraction precludes individuals from settling in suitable habitat and is most influential when population persistence is dependent on high adult survival. Site fidelity, coupled with longevity, leads to more individuals occupying poor habitat areas as habitat quality shifts. Returning adults in poor-quality habitat attract dispersing individuals and juveniles, thereby increasing the proportion of the population occupying poor-quality habitat. Consequently, the population occupies a geographic range that is largely outside what would be considered its establishment niche (Holt 2009 ). However, when individuals find good-quality habitat within the establishment niche, others may be quick to settle these areas, thereby producing an Allee effect (Courchamp et al. 2008 ) and driving range expansion.
Understanding the factors that limit the geographic range is increasingly important because the environment is changing at an unprecedented rate (Root and Schneider 2006) . Some species are responding to a rapidly changing environment by shifting their geographic range (Parmesan 2006; Walther 2010 ), yet many species are not (Zuckerberg et al. 2009 ). It is clear why dispersal-limited species may be unable to track environmental change (Clark et al. 1998; Araujo and Pearson 2005; Tinner and Lotter 2006) , and these species may need to be the focus of conservation efforts (Anderson et al. 2012; Meier et al. 2012) . Assisted migration, whereby managers move individuals, has been suggested for species that are unable to track changes in climate (Hoegh-Guldberg et al. 2008; Loss et al. 2011) . However, few strategies have been developed for highly vagile species, because it is assumed, perhaps incorrectly, that these species will be able to track changes in climate (La Sorte and Jetz 2010). Our model suggests that "seeding" of social cues into unoccupied areas or newly favorable habitats may facilitate a response to rapid environmental changes. In fact, broadcast calls have been used establish a breeding colony of the endangered least tern (Sternula antillarum) at the northern edge of the species' geographic range (Ward et al. 2011) and to establish breeding populations of the endangered Kirtland's warbler (Setophaga kirtlandii) in areas more than 100 km from current breeding locations (M. P. Ward and N. M. Anich, unpublished manuscript).
The social-inertia hypothesis, where the ability to track environmental change is slowed by conspecific attraction, may provide critical information about the limits to the geographic range by providing a framework under which other potentially important environmental and ecological factors can be evaluated. Individuals choose areas to breed on the basis of numerous criteria. First, certain environmental and habitat features must be present (MacArthur and MacArthur 1961; James 1971) . Second, other factors, such as predators (Creel et al. 2005; Emmering and Schmidt 2011) , competitors (Svärdson 1949; Bullock et al. 2000) , and conspecifics (Ward and Schlossberg 2004; Ahlering et al. 2010) , refine the habitat selection process. Because of various positive and negative feedbacks, populations often persist in suboptimal environments and are absent from other areas that are perfectly suitable (Holt 2009 ). However, we are just beginning to understand the mechanisms dictating the geographic range, and our results suggest that conspecific attraction may be an important factor dictating a species' ability to track environmental change and occupy suitable habitat.
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